Introduction
Pseudomonas aeruginosa, an increasingly prevalent opportunistic and virulent pathogen, is the most common Gram-negative bacterium and produces many virulence factors, including exotoxins (LPS) and enzymes, involved in infectious diseases. [1] . P. aeruginosa accounts for 18.1% of nosocomial pneumonia [2] , 9.3% of ventilator-associated pneumonia [3] and 0.9% to 1.9% of the community-acquired pneumonia requiring hospitalization [4] [5] [6] . Lipopolysaccharide (LPS) is a key factor in the virulence produced by P. aeruginosa and plays an important role in mediating the interactions between the bacterium and its host. Pulmonary alveolar type II epithelial cells, located in the corner of the alveoli, possess many types of actions including metabolic, secretary, progenitor, and immunologic functions, to maintain the normal function of alveoli. [7] [8] .
Apoptosis, a type of programmed cell death, is triggered by either intrinsic or extrinsic factors [9] [10] . The extrinsic pathway is related to the stimulation of the transmembrane death receptors, including Fas, TNF-R1, and Apo2/Apo3, while the intrinsic pathway is regulated by signaling factors released from the mitochondria. Blocking or delaying cell death is a major mechanism, by which the pathogens promote intracellular survival and replication of the bacterium [11] [12] . LPS can result in the apoptosis of human alveolar epithelial A549 cells [13] . ROS, an apoptotic factors can induce oxidative stress, which can result in cell apoptosis [14] [15] .
Sirtuin1 (SIRT1) is an NAD + -dependent class III protein deacetylase and belongs to the silent information regulator (Sir2) family [16] . SIRT1 plays important roles in regulating cell apoptosis or cell survival, endocrine signaling, cell differentiation, metabolism, caloric restriction (CR) and chromatin remodeling [17] [18] . SIRT1 is considered a type of apoptosis inhibitor because of its action in deacetylating p53 [19] , Ku70 [20] , the forkhead transcription factor [21] [22] and NF-kB [23] .
However, there has been no report about the possible roles of SIRT1 in the regulation of the human alveolar epithelial A549 cell apoptosis induced by P. aeruginosa LPS. In this study, we examined the effect of SIRT1 on the regulation of LPS-induced A549 cell apoptosis.
Materials and Methods
Cell culture and treatment A549 cells were grown in Dulbecco's modified Eagle's medium (DMEM) F-12 culture medium (Hyclone) supplemented with 10% heat-inactivated fetal calf serum, 100U/ml penicillin, and streptomycin in 25-cm 2 culture flask at 37°C in a humidified atmosphere with 5% CO 2 . LPS (Sigma) was dissolved in PBS. Nicotinamide (NAM), N-acety-L-cysteine (NAC) and resveratrol (dissolved in dimethyl sulfoxide, DMSO) (all from Sigma) were pretreated for 1 h before LPS treatment. The concentration of DMSO in the medium never exceeded 0.1% to avoid the toxicity of this solvent to the A549 cells. Cell  viability  was  determined  using  a  colorimetric,  3 -(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) assay. Briefly, A549 cells (5×10 4 cells per well) were seeded in 96-well tissue culture plates. At 70-80% confluence, the cells were incubated for 16 h in serum-free DMEM F-12 medium. After drug treatment, the A549 cells were cultured in fresh medium containing 0.5 mg/ml MTT for a further 4 h. The blue formazan products in the A549 cells were dissolved in DMSO and spectrophotometrically measured at a wavelength of 550 nm.
Assay of cell viability

Quantification of intracellular ROS
Intracellular ROS levels were quantified to determine the oxidative stress to the A549 cells in response to LPS stimulation. A549 cells (1×10 5 cells per well) were cultured in 6-well tissue culture plates. At 70-80% confluence, the cells were incubated for 16 h in serum-free DMEM F-12medium. After LPS treatment, the cells were treated with dichlorofluorescin diacetate, a ROS-sensitive dye, and incubated for forty minutes 
Quantification of apoptotic cells
The proportion of apoptotic A549 cells was measured using an Annexin V-FITC Apoptosis Detection kit (BD Biosciences, USA) according to the manufacturer's protocol. Briefly, A549 cells (1×10 5 cells per well) were cultured in six-well tissue culture plates. At 70-80% confluence, the cells were incubated for 16 h in serum-free DMEM F-12 medium. After drug treatment, the cells were harvested into a 5 ml culture tube. The cells were washed twice with cold PBS (0.14 M NaCl, 2.6 mM KCl, 8 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 ) and then resuspended in 1×binding buffer at a concentration of 1×10 6 cells/ml. The solution (100 µl, 1×10 5 cells) was transferred to a 5ml culture tube. FITC-AnnexinV (5 µl) and propidium iodide (5 µl) were added and the cells were gently vortexed and incubated at room temperature for 15 min in the dark. Then 400 µl of 1×binding buffer was added to each tube and the samples were analyzed using flow cytometry within 1 hr.
Hoechst 33258 staining A549 cells (1×10 5 cells per well) were cultured in six-well tissue culture plates and at 70-80% confluence, the cells were incubated for 16 h in serum-free DMEM F-12 medium. After drug treatment, the medium was removed, and the cells were rinsed once with cold PBS and then fixed with 4% formaldehyde in PBS for 15 min (37°C). The cells were washed three times with PBS, and the nuclei were then stained with Hoechst 33258 (10μg/ml) for 5 min before being washed three times with PBS and dried.
Protein preparation and western blot
Proteins were extracted from the A549 cells in RIPA buffer (1% TritonX-100, 150 mmol/L NaCl, 5 mmol/L EDTA, and 10mmol/L Tris-HCl (pH 7.0)) supplemented with a protease inhibitor cocktail and subjected to centrifugation at 12,000 g for 20 min. Total protein (10-50 µg per lane) was electrophoresed and separated on a 10% SDS-polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA), which was soaked in 8% milk in Tris-buffered saline Tween (TBST, pH 7.6). The membrane was incubated overnight with a rabbit SIRT1 polyclonal antibody (Millipore, Billerica, MA, USA) at a dilution of 1:3000, a rabbit p53 polyclonal antibody (Santa Cruz Biotechnology) at a dilution of 1:1000, a rabbit Bax polyclonal antibody (Cell Signaling Technology) at a dilution of 1:1000 or a rabbit Bcl-2 polyclonal antibody (Cell Signaling Technology) on a rotating platform at 4°C. Subsequently, the membrane was rinsed in TBST (pH 7.6) and incubated with horseradish peroxidase-conjugated IgG antibodies diluted in TBST (1:5000) for 2 h on a rotating platform at 37°C. Bands were visualized using a horseradish peroxidase developer, and background-subtracted signals were quantified on a laser densitometer (Bio-Rad, Hercules, CA, USA). A β-actin antibody (Santa Cruz Biotechnology) was used to normalize the signal obtained for the total protein extracts. The protein bands were quantified using a PhosphorImager and ImageQuant (Amersham Biosciences) software analysis.
Immunofluorescence A549 cells were cultured on 6-well chamber slides and fixed with 4% formaldehyde for 10 minutes at -20°C. All slides were washed in PBS three times for 5 minutes per wash. The slides were incubated with 3% BSA (prepared in PBS) for 10 minutes and washed in PBS three times again for 5 minutes per wash. The slides were then incubated with a polyclonal antibody against SIRT1 (1:100 diluted in PBS with 1% BSA) overnight at 4°C. After three washes in PBS, the slides were incubated with FITC-conjugated anti-rabbit IgG (1:100 diluted in PBS with 1% BSA) for 60 minutes at room temperature. After three washes in PBS, the slides were incubated with Hoechst 33258 (10 μg/ml) for 5 min. The slides were washed again and dried before the mounting agent was added and the coverslips were placed on top. The slides were finally examined using a fluorescence microscope.
Statistical analysis
Data are expressed as the means ± SE. Multiple comparisons were evaluated by ANOVA followed by Turkey's multiple-comparison procedure with P<0.05 being considered significant. 
Results
A549 cell viability was affected by LPS in a dose-and time-dependent manner
A549 cells were exposed to 0.1, 1, and 10 μg/ml LPS for 48 h or to 10 μg/ml LPS for 12, 24, and 48 h. A549 cell viability was decreased when the cells were treated with 10 μg/ml LPS for 48 h (Fig. 1A) or 10 μg/ml LPS for 24 h and 48 h (Fig. 1B) . LPS at a concentration of 0.1 or 1 μg/ml did not impact cell viability while, at a concentration of 10 μg/ml, cell viability decreased by 15%. In addition, the study showed that LPS at a concentration of 10 μg/ml decreased cell viability by 10% and 15% at 24 h and 48 h, respectively.
SIRT1 was detected in the nuclei of A549 cells, and SIRT1 expression in A549 cells was decreased by LPS
SIRT1 is a type of nucleoprotein that is widely expressed in tissues. In our study, we detected SIRT1 in the nuclei of A549 cells using immunofluorescence (Fig. 2C) . To estimate the effects of LPS on SIRT1 protein expression, A549 cells were treated with 0.1, 1, or 10 μg/ml LPS for 48 h or with 10 μg/ml LPS for 12, 24, or 48 h. Western blot analysis showed that LPS treatment significantly reduced the level of SIRT1 expression in a dose-dependent manner ( Fig. 2A) . At doses of 1 and 10 μg/ml, the decreases in SIRT1 protein expression were 39% and 52%, respectively. When the A549 cells were treated with 10 μg/ml LPS for 48 h, SIRT1 protein expression was decreased by 53% (Fig. 2B) .
SIRT1, p53, and Bcl-2 regulate the A549 cell apoptosis induced by LPS
Apoptosis of A549 cells was investigated in this study. Using an Annexin V and PI kit, the rate of cell apoptosis was determined to be significantly increased in the A549 cells after LPS exposure (Fig. 3A) . Cell apoptosis was also detected using Hochest 33342 staining. The results show apoptotic cells in the LPS-induced A549 cells (Fig. 3B) , which suggests that the LPS induced A549 cell apoptosis. Moreover, we found that LPS elevated ROS generation in the A549 cells in a time-dependent manner (Fig. 3C) . We then investigated the molecular mechanisms involved in the A549 cell apoptosis induced by LPS. Through a 48-h LPS exposure, we found that LPS decreased SIRT1 protein expression and stimulated p53 protein expression and p53 protein acetylation. Bcl2 is also a key factor that regulates apoptosis, and a decreased level of Bcl2 was found in the A549 cells treated with LPS (Fig. 3D ).
A549 cells apoptosis was attenuated by Res
Resveratrol (Res), a natural polyphenol compound widely found in grapes, pine trees, peanuts and other plants and fruits, has comprehensive biochemical and physiological functions, including anti-cancer, anti-inflammatory, and anti-oxidant activities, that regulate lipid actions. To determine whether Res influenced LPS-induced A549 cell apoptosis, the cells were divided into four groups, including a DMSO group (control), a Res group, a LPS Fig. 1 . A549 cell viability is affected by LPS in a dose-and time-dependent manner. A549 cells were exposed to 0.1, 1, or 10 μg/ ml LPS for 48 h (A) or to 10 μg/ml LPS for 12, 24, or 48 h (B). Cell viability was measured using a spectrophotometer at 550 nm. Exposing A549 cells to LPS can affect cell viability in a dose-and time-dependent manner. Data represent the means ± SEM, n=6 independent experiments. * p<0.05, * * p<0.01 versus control.
treating plus DMSO group (DMSO+LPS), and a LPS-supplemented Res group (Res+LPS). First, A549 cell viability was examined when the cells were treated with Res (20 μM). The results suggested that exposing A549 cells to Res did not affect cell viability (Fig. 4A ). Our findings demonstrate that Res induces SIRT1 protein overexpression in A549 cells (Fig. 4B) . We next investigated the role of Res in the apoptosis induced by LPS in A549 cells. Using Annexin V and PI kit, the data show that the A549 cell apoptosis induced by LPS was alleviated by Res (Fig. 4C) and that ROS generation was decreased by Res in the A549 cells (Fig. 4D) . The effects of Res on the activation of the SIRT1 pathways were rescued by mediating p53 deacetylation in the A549 cells (Fig. 4E) .
The A549 cell apoptosis induced by LPS was aggravated by NAM
To further determine the role of SIRT1 in regulating the human alveolar epithelial A549 cell apoptosis induced by LPS, we chose NAM as an inhibitor of SIRT1. Our findings demonstrate that SIRT1 protein expression in the A549 cells is decreased by NAM in a dosedependent manner (Fig. 5A) . Using Annexin V and PI kit, it was demonstrated that A549 cell apoptosis is aggravated by NAM (Fig. 5B) , while ROS generation is increased (Fig. 5D) . The effects of LPS on inhibiting SIRT1 pathways were aggravated by NAM in the A549 cells (Fig.  5C) .
In response to NAC, ROS generation is decreased in A549 cells, and A549 cell apoptosis was alleviated
The A549 cells were pretreated with 5mM NAC (an antioxidant) for 1 h before LPS treatment. The data indicate that ROS generation was decreased in the A549 cells (Fig.  6B ) and that cell apoptosis was alleviated by NAC (Fig. 6C) . In addition, western blotting demonstrated that NAC restored SIRT1 expression during LPS treatment (Fig. 6A) . The results show that LPS influences A549 cell viability in a dose-and time-dependent manner. It is possible that LPS has a deleterious effect on human alveolar epithelial cell viability, which may be associated with lung injury.
No studies of the relationship between SIRT1 and P. aeruginosa pneumonia-induced lung injury have been reported. The present study demonstrated that treatment with LPS significantly reduces SIRT1 expression in A549 cells in a dose-dependent manner. Moreover, SIRT1 expression decreased significantly by 48 h. This study's findings suggest that LPS can induce A549 cell apoptosis, which is consistent with previous studies [13, [24] [25] [26] . Therefore, we hypothesize that the possible mechanisms of P. aeruginosa-induced lung damage are related to the alveolar type II epithelial cells apoptosis induced by the LPS. ROS is a major apoptotic factor that can induce cell apoptosis. Previous studies have reported that LPS facilitates the generation of reactive oxygen species in lungs, resulting in lung damage [27] [28] .Our study also indicates that exposing of A549 cells to LPS increases intracellular ROS generation in a time-dependent manner. NAC is a well-known antioxidant [29] , and pre-treating A549 cells with 5mM NAC for 1 h before LPS exposure resulted in a significant decreased in ROS generation and apoptosis induced by LPS in A549 cells. In addition, western blotting indicated that the SIRT1 pathway was activated after NAC pre-treatment. ROS are crucial apoptotic factors that can cause oxidative stress and subsequent cell apoptosis [14] [15] . Thus, augmentation of intracellular ROS might be one of the major factors contributing to the LPS-induced apoptosis in the A549 cells.
SIRT1 is involved in many cellular functions, such as regulating lipid metabolism, controlling cell survival, stress resistance, apoptosis, gene silencing, and energy homeostasis [30] [31] . P53, a well-known gene that controls cell proliferation and apoptosis, is known as a Sirtuin substrate. SIRT1 can deacetylate p53 and ameliorate its ability to activate its downstream target genes, such as Bax, for apoptosis [19, 32] . Our findings demonstrated that SIRT1 expression decreased during the process of LPS-induced A549 cell apoptosis, but that p53 and acetylated p53 expression increased, indicating that SIRT1 plays a crucial inhibitory role during the process of A549 cell apoptosis induced by LPS.
SIRT1 can inhibit apoptosis in various cells through p53 deacetylation [33] [34] [35] . Therefore decrease in SIRT1 expression induced by LPS might be associated with lung injury. Resveratrol is a well-known activator of SIRT1. Our study demonstrates that treating A549 cells with Res does not affect A549 cell viability but increases SIRT1 expression. In addition, cell apoptosis is reversed, and levels of intracellular ROS are decreased. We hypothesize that the protective effect of Res against LPS-induced A549 cell apoptosis might be related to SIRT1 activation and to the subsequent deacetylation of p53. Our data show that LPS exposure dramatically increased p53 acetylation in A549 cells but that this effect is attenuated by a combined treatment with LPS and Res. These results indicate that Res protected the A549 cells from LPS-induced apoptosis through SIRT1-modulated p53-mediated apoptosis. To further test the above hypothesis, we also utilized NAM as a SIRT1 inhibitor to examine In summary, our findings suggest that A549 cells apoptosis is induced by LPS. SIRT1 plays a crucial role in the apoptosis induced by LPS through p53 deacetylation. Res protects against LPS-induced A549 cell apoptosis by activating of SIRT1. However NAM aggravates the A549 cell apoptosis induced by LPS. Furthermore, pre-treating the A549 cells with NAC decreased ROS generation, alleviated the LPS-induced A549 cell apoptosis and activated the SIRT1 pathway. SIRT1 activators or antioxidants could be a promising therapeutic intervention for P. aeruginosa infections.
